Electrochemical data derived from different simple and complex potentiodynamic techniques for the Ni/0.5 N H~SO4 interface furnish a new insight about the activation and initial stage passivation of nickel. The anodic dissolution of nickel involves a metal surface which is either partially or completely covered by species such as NiOH, [NiOH.Ni(OH)2] or [Ni(OH)2.NiOOH].
INTRODUCTION
THE COMPLE~ electrochemical characteristics of the anodic dissolution of nickel in aqueous sulphuric acid solutions using stationary and transient techniques have been studied over a long period of time by a large number of authors. The most relevant contributions made on the subject have been chosen from a great number of publications and have been chronologically quoted. 1-126 The possible explanations put forward for the existence of more than one current peak related to the electrodissolution of nickel as Ni([~ are neither coincident nor fully substantiated. The complex Eli characteristics obtained under linear potential sweep conditions at a constant temperature depend on the electrode history, the sequence and characteristics of the potential perturbation applied to the electrochemical interface, and the solution composition. The influence of the latter, however, is to some extent obscure owing to the fact that as the perturbation conditions are arbitrarily changed the experimental data are far from comparable. This is actually the case concerning the participation of sulphate ions in the kinetics of the anodic dissolution and passivation of nickel in acid electrolytes. 67,s9,9°
The anodic current peaks recorded in the potential range where the anodic dissolution of nickel takes place were interpreted in terms of the formation of N i(OH) z species.3a,3e.52,99,121, ~2 The formation of Ni(OH)2 corresponds to the first stage in the passivation of the metal which is actually completed when a Ni203-type species is formed at potentials more positive than those where the Ni(OH)2 species exists.
Previous potentiodynamic studies revealed that the electrochemistry of the Ni/H2SO4 (aq) interface could be more complex than thought earlier, nS,12°,r21 The aim of the present paper is to extend previous studies made on the subject in an *Manuscript received 29 April 1979; in revised form 19 July 1979. 563 attempt to obtain further information about the genesis and changing characteristics of the potentiodynamic Eli displays of the Ni/H2SO4 (aq) interface, mainly in the potential region where Ni(OH)2 species are formed. It is also an attempt to derive more reliable quantitative kinetic data for the electrochemical reaction through the systematic change of the potential perturbation conditions.
EXPERIMENTAL METHOD
The experimental arrangement regarding the three compartment electrolysis cell, the electrodes, the chemicals employed and the solution preparation, were the same as those already reported in previous publications.lSl.l~t Is* Specpure polycrystalline nickel working electrodes (Johnson, Matthey Ltd.) in the form of fixed wires without any special mechanical or thermal treatment (0.5 mm dia., 0.25 cm s) were used. Three different electrode pretreatments were employed: (1) fine grade alumina polishing with a water-acetone-alumina suspension, (2) cathodization in a 0.1 N H,SO, + 0.2 g/l thio-urea solution at 20 mA/cm 2 for 18 h at 25°C, to saturate the metal surface with electrolytic hydrogen, and (3) electropolishing for 2 rain in 57 ~o H2SO4. The potential of the working electrode was measured against a saturated calomel electrode and referred to the NHE scale.
The potential of the Ni/0.5 N H,SO4 interface at 25°C under latin, pressure nitrogen gas saturation was altered according to one of the programmes depicted in 
EXPERIMENTAL RESULTS
The stabilized potential/current (El1) profile which results after ca. 60 potential cycles is used as a reference. The number to attain the stabilized Eli display depends both on the potential sweep rate (v) and on the cathodic and anodic switching potentials (E~, c and Ex.a).
The stabilized Eli contours are, in principle, independent of the electrode pretreatment. The stabilized Eli profile at 0.1 V/s run between --0.26 and 0.54 V (Fig. 2b ) exhibit during the anodic excursion two anodic current peaks, the larger one at ca. 0.2 V (Peak I) and the smaller one in the 0.3-0.4 V range (Peak [I). The latter, however, depending on the perturbation conditions, may appear as a current plateau instead of a current peak. During the negative going potential scan, a small cathodic current peak at ca. -0.15 V is observed (Peak I[1") in the potential region just preceding the hydrogen evolution potential.
The influence of E~., on the genesis of Peak I during cycling ( Fig. 2a ) is similar to that previously encountered for aqueous H2SO4 solutions containing a large excess of NiSO4Yl~, 121 Peak I is observed, the location of Peak III remains unchanged. But with a further decrease of En, a to a potential value slightly larger than the potential of Peak I such as 0.24 V, practically no contribution of Peak III is found. Furthermore, under these circumstances the negative direction potential excursion shows an anodic current plateau at potentials slightly more negative than those covered by Peak I. This effect is more noticeable as v decreases. Moreover, the anodic current contribution during the negative going potential scan increases as Ex, a decreases. On the other hand, when En,a is fixed at 0.54 V the progressive increase of En, c from ca. --0.36 to --0.16 V is accompanied by a systematic decreases of Peak I ( Fig. 4 ). During the negative-going potential scan, Peak III is recorded only when En,c < --0. With both v and Ex, . constant, the potential of Peak I resulting during the potential cycling shifts towards more negative potentials as Ex. c becomes more positive. At constant v and Ex, c, but with E~,~ _< --0.3 V, the potentials at which the null current is recorded both in the positive going and negative going potential excursions are different. However, their values are independent of En, a for Ex, a > 0.45 V. Contrarily, when En. c > --0.1 V, the Ip,ll/Ip3 ratio increases, the greater the rate of increase of the latter, the greater is the v value. Under these circumstances the stabilized Eli profile shows a much flatter Peak I and its potential is located at more negative values as En.~ becomes progressively more positive.
The influence of v on the height and location of the various current peaks resulting from the stabilized RTPS run between Ex, c := --0.36 V and E~. a = 0.54 V is depicted in Fig. 5 . From this type of experiment reproducible and comparable kinetic parameters are derived (Table 1) . Unfortunately as Peak III is poorly defined at low v o its dependence on v can only be derived when the cathodic reaction proceeds at a much larger potential sweep rate than that of the anodic reaction (v c > v~). At constant v and Ex, ~ _< --0.3 V the stabilized anodic profile becomes independent of either En.~ or E~,o. Under these circumstances if Ex, a exceeds the potential range of Peak I, the charge of Peak III results in the order of one monolayer of the Ni(OH)2 species on the nickel surface assuming an electrode roughness factor equal to one. E/I displays obtained with complex potential perturbation programmes
The experimental data described further on was recorded by perturbing the interface with different complex perturbation programmes applied to the electrochemical interface once the stable El1 profile was achieved through RTPS. In the following figures the stabilized Eli profiles are depicted by full traces.
A more detailed description of Peak III can be obtained by holding the potential at a value E, (0.39 V and 0.34 V, respectively) after the conventional RTPS during the time z (0.5 m < z < 5.0 m) (Figs. 6 and 7). At both E, values a net anodic current is recorded. Then, at v = 0.2 V/s Peak III is clearly defined and its potential shifts towards more positive values as ~ increases. This potential shift is probably due to the increase of the cathodic current baseline as ~ increases. After holding the potential at E~ the negative potential direction Eli profile exhibits a net cathodic depolarization. As E~ decreases the above described effect is less noticeable but Peak III is now preceded by a hump (Fig. 7 ). to be related to the magnitude of the anodic current at E~. The anodic charge irtvolved during the negative-going potential excursion is approximately equal to that required to passivate the electrode at more positive potentials. The slower the potential sweep rate, the greater the amount of the dissolving passivating species and, as a consequence, the anodic charge that participates during the cathodic excursion after holding the potential at E~ becomes greater. The result is even more dramatic when E~ decreases to either 0.24 or 0.19 V (Figs. 10 and 11 ). For x :: 1 m (Fig. 10) r~G potential at E~, the anodic current during the negative-going potential excursion presents the already described anodic current peak followed by an anodic current plateau. With E, ----0.19 V, T ----1 m and different v values, a large contribution of the anodic charge during the cathodic excursion prevails at the lower potential sweep rates. As E, decreases the above mentioned anodic current contribution requires a larger v in order to retain the same magnitude.
The complexity of the anodic Eli contour after holding the potential at E~ = 0.19 V is clearly revealed by using different z values (Fig. 12) . Thus, for z ----5 m the occur- After applying the potentiodynamic ageing perturbation technique during • = 1 m ( Fig. 14) (Eli profile No. 2), the potential sweep run towards the positive potential side immediately after the dynamic perturbation, presents a new anodic current peak (Peak IV) at ca. 0.9 V as shown in the Figure for three distinct anodic switching potentials. Furthermore, during the negative going potential excursion, Peak III is only observed when E~,, is lower than the potential of Peak IV. The former shifts towards more negative potentials as Ex,, increases. Concomitantly, the depolarization of the hydrogen evolution reaction after the dynamic ageing is also evident. The effect is more remarkable when Ez., extends towards more positive potentials although presumably a limiting Ex, a value should be involved.
The definition of the negative-going potential Eli profile is improved by running the E/Idisplay at a constant v a but different v c (0.5 V/s < v c < 5 V/s) with an electrode which has been previously cathodically polarized for 1 min at --0.46 V and then stabilized with RTPS at 0.5 V/s between --0.46 V and 0.54 V under continuous stirring (Fig. 15 ). Thus, Peak III as well as the preceding cathodic current contribution become more clearly defined as v c increases. Simultaneously, the corresponding current peak potential is more negative. The potential of Peak III is apparently independent of v, and also of the switching potential values. However, the preceding current which appears as a shoulder on the positive side of Peak III, is well distinguished by 0.44 V < Ex. a < 0.94 V. The shoulder is located at more negative potentials when Ex, ~ increases, its contribution apparently overlaps with that of Peak III. Then, at more negative potentials the previously described redox couple is again noticed but now another cathodic current contribution with a current peak at --0.2 V is observed. In the latter potential range, two well distinguished conjugated redox couples are recorded when the base potential sweep is confined in the --0.26-0.24 V range ( Figs. 17 and 18 ). However, the potentials of the current peaks corresponding to the conjugated redox couple recorded during the negative potential-going sweep shift a constant potential value towards more negative potentials than those of the redox couple recorded during the positive going potential sweep. When Ex, a is more negative than --0. I V both redox couples are no longer observed. When the amplitude of the modulating signal exceeds 0.06 V, each modulating cycle always covers a potential range more extended than that of any single conjugated redox couple (Fig. 19) . Therefore, the Eli contours are more complex, although the degree of reversibility of each process is well distinguished. The reversible character of the redox couples is clearly defined when the frequency of the modulating signal (v,~) is approx. 200 V/s and its amplitude is almost 0.06 V. This indicates that the rate constant of the electrochemical processes coupled with the potentiodynamic perturbation is of the order of 3 × 10 -a s-L Figs. 3 and 4 ) are compared to those obtained in the same potential range, with the TMTPS perturbation ( Figs. 16-19) . These results can not be simply due to an effect associated with an increase of surface impurities as the potential is swept to progressively less positive potential limits.
In the acid solutions, the various anodic processes are occurring in the potential range where Peaks I and II are recorded. They are related to the electro-dissolution of the base metal and to the formation of passivating species. Within an appreciable large potential range both processes occur simultaneously. However, when one compares the kinetic results obtained in the Ni/0.5 N H2SO4 with those previously reported for the Ni/0.5 N H2SO4 ÷ 1 N NiSO4121 one concludes that the anodic electrochemical process depends fundamentally on the solvent and acidity of the solution and only to a small extent on the SO42-and Ni 2+ ion concentrations. Therefore, the potentiodynamic characteristics of those interfaces at potentials more positive than the corresponding rest potentials are unlikely to be due to a precipitation and dissolution of NiSO4 at the reaction interface.
The main difference between the first E/I display and those following is the systematic change of the E[Iprofile from the initial one, with the prevalence of Peak II, to another one involving after the nth cycle, the gradual increase of Peak I as the main current contribution. The change of the Eli profile corresponds to an increasing activation of the anodic reaction at the lower potentials. The gradual change of the E/I display is accompanied with an appreciable increase of the overall anodic charge taking place within the fixed switching potentials. At first sight the change of the electrode roughness may help to contribute to the charge increase. Nevertheless, the fact that there is a net and significant anodic charge during the RTPS, indicates that the main electrode reaction is Ni = Ni 2+ + 2 e
(1) which occurs through a complex reaction path, where various surface species are involved. It is reasonable to assume that the first anodic potential cycle involves a Ni surface which is covered mostly by H20 and to a lesser extent with adsorbed ions, approaching the equilibrium structure of the electrochemical double layer at the rest potential. Therefore, it is reasonable to interpret the electrodissolution of the metal formally through a modification of known mechanism sa,s6 as follows: where Ni x denotes the bulk metal, the parenthesis and the brackets refer to adsorbed surface species and to film forming species, respectively. Steps (2) (3) (4) , involving step (3) as rate-determining, correspond to the usually accepted mechanism for the active dissolution of nickel in acid electrolytes3 6, a6.98 n2 ~2x
Step (5) , occurring in parallel, shows the formation of a nickel hydroxide-type layer on the electrode. The latter species, which dissolves chemically through step (6) is apparently responsible for the anodic passivation related to Peak II. Step (7) takes place at high positive potentials. During the RTPS, the situation at the interface should become appreciably different. If the anodic potential sweep is fast enough to avoid either the chemical dissolution of the film anodically formed or to exceed the time to establish the water re-adsorption equilibria, then the electrode surface related to the initiation of each positive-going excursion is represented by the average composition Ni~ Ni(OH)2. Thus, the new initial surface structure consists of a film-covered electrode surface which assists the electro-dissolution process. Therefore, the corresponding sequence of reactions can be put forward as follows: 
The reaction sequence (8) (9) (10) (11) is associated with the characteristics of the stabilized RTPS Eli profile (Figs. [3] [4] [5] . Therefore, under the usual stationary metal electrodissolution conditions both reaction mechanisms contribute to the overall reaction. According to the preceding reaction pathways the Ni(OH)2 species causes the first stage of passivation. The latter process competes with the chemical dissolution of the Ni(OH)2 species. Therefore, the potential for the occurrence of the maximum current should depend on the degree of participation of the various processes in the overall anodic reaction. The dependence of the anodic current peak and of its charge on the potential perturbation conditions including E~, a and Ex. c indicate that the first stage passivation mechanism is predominantly a precipitation-dissolution mechanism, instead of a pure activation controlled film forming mechanism. This conclusion is confirmed by the square root dependence of the height of current peaks I and II on the potential sweep rate and on the stirring conditions prevailing at the reaction interface. This explains why when Ex, a < ca. 0.4 V, the negative-going potential excursion exhibits an anodic current contribution whose charge complements the charge of the preceding positive-going excursion necessary to achieve the electrode passive state. It is also clear that the passivating species produced at Ex, a ~ 0.4 V is easily electroreduced at potentials more negative than --0.1 V.
From the present results ( Fig. 14) there is clear evidence that at E~,, > 0.4 V a new passivating species is produced. Taking into account that in the potential range exceeding 0.4 V the formation of Ni(III) species is thermodynamically possible, the following electrochemical reaction becomes feasible: (12) and, consequently, the complementary electrodissolution reaction then occurs through an interface containing a mixture of at least the two non-equilibrated passivating species.
The existence of the various OH-containing surface species as well as their possible chemical interconversion and dissolution, can be deduced from the negative-going potential excursion recorded after holding the potential at different values. There are qualitative suggestions in the literature that oxide films formed on anodized nickel in acid solutions are also susceptible to electro-reduction in these acid solutions. However, only very recently quantitative information has been reported on either determining the extent of oxide removal at various pH values or in characterizing the nickel oxides species formed at the electrochemical interface. The number of cathodic current contributions and the overall shape of the Eli contour during the negativegoing potential excursion depends both on Ex, a and on v (Fig. 15 ). Thus, when Ex,a ~ 0.3 V, that is in the potential range of Peak I, unless v exceeds 0.05 V/s practically only one single cathodic current contribution characterized by a current peak at ca. --0.15 V is seen. The fact that the latter current peak is not observed when v < 0.05 V/s, under the conditions shown in Fig. 9 , demonstrates that the Ni(OH)2 passivating species easily dissolves in the acid electrolyte. On the other hand, Peak III, at --0.15 V thereabouts, involves a charge of the order of one monolayer and corresponds to a process which occurs at the initiation of the hydrogen evolution reaction. The reversible characteristics of the conjugated couple related to this current peak is clearly revealed by the TMTPS experiments (Fig. 17) . The fast conjugated redox couple should be assigned to the first electron transfer and de-protonation process which initiates either the reaction sequence (2-7) or (8) (9) (10) (11) . The initial reaction can be simply written Ni ÷ H20 = NiOH + H + + e (13) as formerly postulated to account for the anodic electro-dissolution of nickel in acid solutions.26.a6, TM However, the corresponding charge suggests that the condition of low coverage by the adsorbed intermediate, assumed in earlier mechanistic analysis of the anodic dissolution of nickel in acid electrolytes is apparently not fullfilled. The height of the cathodic current peak related to the electro-reduction of the NiOH surface species follows a first order dependence on v although no dependence of the cathodic current peak potential on v is observed. These results are in agreement with the simplest theory of potentiodynamic formation of a passivating monolayer according to a reversible single electron transfer step. la° When Ex, a > 0.3 V, there is a new cathodic current contribution at ca. 0 V, which distorts the shape of Peak III. Apparently the species formed in the potential range of the Peak II, which was assigned to the Ni(OH)2.NiOOH-type species, electroreduces in the 0.1 ---0.2 V range. The amount of products accumulated during the overall anodic process increases as the time ~ at E~ increases. From the comparison of the time dependence of the cathodic Eli profile shown in Figs. 7 and 12, one can deduce that the rate of the chemical dissolution of the [Ni(OH)2.NiOOH] species is lower than that of the Ni (OH)2 species. An estimation of the relative dissolution rates comes from the cathodic potential sweep rate (vc) required to cancel the anodic current contribution, when the potential excursion initiates from different Ea,, values. Thus, as Ex, a decreases, the value of v c decreases, as the anodic passivating [species dissolves faster. The dissolution rate of the Ni(OH)2 species is about twice that of the [Ni(OH)2.NiOOH] species. The second passivating species which is electrochemically produced from the first one according to reaction (6) (Fig. 13 ) is also very difficult for electroreducing. At 0.04 V, the species remains on the surface so that the surface available for the formation of the first passivating species is smaller as the time at 0.04 V increases.
The stability of the different species related to the various prepassive stages can be estimated by means of the potentiodynamic ageing technique TM applied within the potential range of the corresponding electroformations ( Fig. 14) . One observes that after the rapid intermediate low amplitude RTPS, the following Eli display exhibits a small but net and broad anodic current peak at ca. 
-(H + + e)
When the latter is formed the restoration of the initial electrode activity is o~ly achieved after a cathodic polarization at potentials where a net H2 discharge is produced.lXs, m The [Ni2Oa] species represents the simplest way of indicating a NiO lattice involving hole formation of Ni(HI) species into the lattice, as discussed previously.lZ0,121
In conclusion, the present results can be summarized as follows. The anodic dissolution of Ni in the acid electrolyte involves a metal surface which is covered either partially or completely by one of the following species NiOH, N iOH ~, Ni(OH)2 or [Ni(OH)2.NiOOH]. These species are actually related to the initial stage passivation region of the Eli curves. The last two species may produce the formation of a new phase which is soluble in the acid electrolyte. Their dissolution competes with the metal electro-oxidation and phase rebuilding. The [Ni(OH)2.NiOOH] species may continue its further electro-oxidation at higher positive potentials, yielding complete passivity through the formation of the [Ni~Oa] species. The electro-reduction characteristics of those species not only confirm their existence but furnish more details about the initial stage passivation region of the Ni/H2SO~ interface.
